Porous gold films presented in this paper are formed by combining gold electroless deposition and polystyrene beads templating methods. This original approach allows the formation of conductive films (2 × 10 6 (Ω⋅cm) −1 ) with tailored and interconnected porosity. The porous gold film was deposited up to 1.2 m on the silicon substrate without delamination. An original zirconia gel matrix containing gold nanoparticles deposited on the substrate acts both as an adhesion layer through the creation of covalent bonds and as a seed layer for the metallic gold film growth. Dip-coating parameters and gold electroless deposition kinetics have been optimized in order to create a three-dimensional network of 20 nm wide pores separated by 20 nm thick continuous gold layers. The resulting porous gold films were characterized by GIXRD, SEM, krypton adsorption-desorption, and 4-point probes method. The process is adaptable to different pore sizes and based on wet-chemistry. Consequently, the porous gold films presented in this paper can be used in a wide range of applications such as sensing, catalysis, optics, or electronics.
Introduction
The combination of the intrinsic properties of gold and of those of a porous material makes porous gold films (PGFs) an interesting material in many applications. These films are conductive [1] and chemically stable [2] , present good wettability in electrolyte solutions [3] , and exhibit a large specific surface area. Thus, porous gold films are increasingly used for electrochemical devices such as electric double-layer capacitors (EDLC) [4] [5] [6] [7] , Li-ion batteries [4, 8] , or fuel cells [9, 10] . PGFs are also used as bio/chemical sensing electrode systems [2, [11] [12] [13] [14] , based on their nontoxic and biocompatible nature [12] and on the presence of active sites for biomaterials. In addition, these films present a high electrocatalytic activity, rapid mass transport, and a good thermal stability, which makes them suitable for (electro)catalytic applications [12, [15] [16] [17] . Finally, PGFs exhibit excellent properties concerning Surface-Enhanced Raman Spectroscopy (SERS), Fluorescence, and Surface Plasmon Resonance (SPR), making them an attractive material for optical applications [18] [19] [20] .
The pore size (from the nm to the mm scale), the pore modality (mono-or multimodal), and the presence of accessible and interconnected pores are essential parameters to be taken into account in relation to the targeted application. Some applications require small pore sizes (nm scale) in order to have a large specific surface area and thus increasing the active surface of the material. On the other hand, some other applications need large pore sizes ( m scale) to ensure a better mass transport [14, 21, 22] . Developing processes to fabricate porous gold films with tailorable properties is of undeniable interest.
PGFs are currently fabricated using mainly either a topdown dealloying method or a bottom-up templating method. The dealloying process consists in selectively etching the lessnoble metal from a binary alloy (mostly Ag Au 1− ) [11, 23] .
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The alloy is either directly bought from a supplier in the form of a metallic ribbon [6, 10, 18, 24] or fabricated using mainly cosputtering deposition [1, 5, 25, 26] , electrodeposition [4, 9, 19] , vapor/thermal deposition [22, 27, 28] , or more rarely electroless deposition [15, 29] . The sample is then chemically or electrochemically selectively etched, leading to the formation of a porous framework of the remaining metal, composed of metallic ligaments and pore channels [23, 29] . Porous gold films fabricated by this method are tunable in thickness and pore size but present some weaknesses. First of all, they mostly require costly dedicated equipment and/or conductive substrate for the binary alloy fabrication (sputtering or electrodeposition methods). Then, the films are not systematically deposited on substrates, which could limit the scope of application. If deposited on substrates they require costly and constraining sputtering of Cr/Au or Ta/Au adhesion layers in order to prevent delamination of the film during etching [26] . Moreover, the dealloying process requires concentrated acid treatments to remove the less-noble metal from the alloy. The dealloyed films often contain some remains of this less-noble metal, degrading their catalytic properties [16] . Finally, PGFs contain pore sizes within the nm range, limited by the size of the lessnoble metal aggregates composing the alloy. The templating method, on the other hand, is a simple and cost-effective way to create porous gold films of controlled pore sizes (from nm to m scale) [17, 30] . This technique allows the formation of a porous film of a controlled thickness by a totally wet approach. It is based on the deposition of an assembly of spherical particles (template), followed by the filling of the interstitial spaces between the spheres by the material of our choice (which is gold here). The final step consists in removing the template (either by calcination or by dissolution (solvent or acid)), revealing the porous structure of the filling material. Various types of templates exist, allowing us to choose the pore sizes desired (from the nm to the mm scale): colloidal crystals (e.g., silica spheres) [31, 32] , polymers (e.g., polystyrene beads) [15, [33] [34] [35] , surfactants [13, 14, 36] , hydrogen [21, 37] , or biomaterials [38, 39] . Filling the interstices between the spheres is mainly achieved by electrodeposition method [13, 21, 32, 34, 37] , which consists in an electrochemical growth of a selected metal on a conductive substrate. A variant of electrodeposition is the electroless deposition technique. It allows depositing metallic films, while avoiding the constraining use of a conductive substrate. Only a few papers [14, 31, 33, 35] are reporting the combined use of electroless deposition method and templating technique to create porous gold films so far.
In this paper, we present an original totally wet-chemistry approach to fabricate gold films with controlled and interconnected porosity using alternate of templating and electroless deposition processes. PS beads have been used here as template, since they allow the tailoring of the pores and are highly monodisperse, easily autoassembled, and easily removable. Gold electroless deposition method has been chosen to embed the PS beads in this conductive metal as we are able to control the thickness of the deposited film. An original Au/ZrO 2 film is deposited on a silicon substrate. It is composed of a zirconia (ZrO 2 ) gel matrix embedding gold nanoparticles. The inorganic matrix anchors the gold nanoparticles to the substrate. It creates Si-O-Zr bridges with the functionalized silicon substrate surface as a replacement for organic linkers previously reported in the literature [40] . The gold nanoparticles act as growth seeds for the growth of the gold film. Electrical, chemical, and structural properties of such films have been investigated during this work.
Materials and Methods
All the materials were purchased from Sigma-Aldrich (France). To avoid any purification, deoxygenated milli-Q water (18.2 MΩ⋅cm) was used in all the preparations. All reactions were carried out under argon atmosphere. All the glassware dedicated to the gold nanoparticles embedded in zirconia matrix synthesis is washed with aqua regia prior to use. 3 × 2 cm 2 P-doped (5-10 Ω) pieces of Si (100) wafers are used as substrates. First, they are thermally oxidized (110 ∘ C) creating a 200 nm thick SiO 2 layer. 2 Sol. The gold nanoparticles embedded in zirconia matrix (Au/ZrO 2 ) were synthesized according to a previous work [41] . A solution containing equimolar (0.011 mol) amount of zirconium(IV) propoxide solution (Zr(OC 3 H 7 ) 4 , 70 wt.% in 1-propanol) and acetylacetone (CH 3 COCH 2 COCH 3 , ≥99%) was prepared into a 250 mL three-necked flask. The mixture was stirred for 30 minutes under air to ensure the homogeneity of the solution and to allow the protection of the zirconium alkoxide by chelation with a -diketone (acetylacetone) in order to slow down hydrolysis reaction [42] . 1 mM Gold(III) chloride trihydrate (HAuCl 4 ⋅3H 2 O, ≥99.9% trace metal basis) in 2-propanol ((CH 3 ) 2 CHOH absolute, over molecular sieve, ≥99.5%) gold solution and 13 mM of sodium borohydride (NaBH 4 , ≥96%) in a mixture of water/2-propanol reducing agent solution were prepared on a side. The gold solution was added into the flask, and after a few minutes of stirring, the reducing agent solution was added under vigorous stirring. The yellowish solution takes instantly a blood-red colour. The stirring of the solution was carried on during 3 hours under air. Hexane (CH 3 (CH 2 ) 4 CH 3 anhydrous, ≥95%) was added to the Au/ZrO 2 sol and was centrifuged at 2500 rpm during 30 min at 0 ∘ C. The upper organic phase was thrown out and the Au/ZrO 2 solid phase redispersed in ethanol (CH 3 CH 2 OH absolute, ≥99.8%). DLS measurements and TEM analyses showed that the gold nanoparticles formed are approximately 5 nm in diameter.
Preparation of the Au/ZrO

Preparation of the PS Beads.
The PS beads were synthesized by a modified microemulsion polymerization method [43] . 1 g of sodium dodecyl sulfate (CH 3 (CH 2 ) 11 OSO 3 Na, ≥99.0%) is dissolved in 90 mL of water in a 250 mL threenecked flask topped with a reflux condenser and connected to argon. The temperature is raised to 80 ∘ C and 0.15 g of potassium persulfate (K 2 S 2 O 8 , ≥99.0%) dissolved in 10 mL of water is added to the reaction batch. A mixture of 1.5 g of styrene (C 6 H 5 CHCH 2 , ≥99%) and 0. agitation (200 rpm) for 30 min. Then, 3.5 g of styrene is added all at once to the batch and is stirred for 1 hour. The solution is heated at 85 ∘ C for 1 hour before being cooled down to room temperature (RT). The bluish solution contains PS beads with a diameter of about 20 nm (determined by DLS measurements).
Fabrication of the Porous Gold Film.
The fabrication process of such a film includes five steps. These steps are presented in Figure 1 and will be detailed in the following subsections.
Surface Hydroxylation.
The oxidized silicon substrate is cleaned by soaking in a Piranha solution during 2 hours at RT followed by the immersion in a boiling solution containing hydrogen peroxide solution (H 2 O 2 , 30 wt.% in H 2 O) and a few drops of ammonium hydroxide solution (NH 4 OH, 28-30% NH 3 basis). This cleaning process allows the creation of hydroxyl groups on the surface of the silicon substrate (Figure 1(a) ). The substrates can be stored in mQ-water until used (up to a month) [44] .
Au/ZrO 2 Seed Layer Deposition.
The seed layer, avoiding delamination of the film and containing gold nanoparticles, is deposited by dip-coating technique. The functionalized substrate is rinsed with mQ-water and dried vertically in air at RT. It is immersed in the Au/ZrO 2 stock solution during 10 s and withdrawn at a constant speed of 100 mm⋅min −1 . The substrates are dried vertically in air at RT for 2 hours (Figure 1(b) ). The Au/ZrO 2 film, after the deposition and drying processes, has a bluish tint and is about 300 nm thick.
Gold Electroless
Plating. The Au/ZrO 2 -coated silicon substrate is immersed in an aqueous solution containing 4 mL of the ionic gold precursor (HAuCl 4 , 0.1 wt.%) and 0.25 mL of hydrogen peroxide solution (H 2 O 2 , 30 wt.% in H 2 O) for 2 minutes while agitated continuously. The Au/ZrO 2 film takes progressively a violet and then black colour. Finally, a goldish tint appears on the film (Figure 1(c) ).
Deposition of the PS Beads Template.
The PS beads were assembled on the gold-coated substrate by dip-coating method. The sample was immersed in the PS stock solution for 10 min and withdrawn at a constant speed of 2 mm⋅min −1 . It is dried vertically in air at RT overnight [45] . The film deposited is opalescent and colourless (Figure 1(d) ).
Au/PS Multilayered Film and Dissolution of PS Beads.
The gold electroless plating and the deposition of the PS beads template steps were reproduced times to form a multilayered film. The sample is finally immersed in toluene (C 6 H 5 CH 3 , ≥95%) for 1 hour to remove the PS beads and create consequently porosity within the film (Figure 1(e) ).
Results and Discussion
DLS Analysis.
To determine the particle size and size distribution of the gold nanoparticles, Dynamic Light Scattering (DLS) analyses were performed using a Malvern Zetasizer Nano-S90 on diluted samples. The size distribution is expressed by volume, and the particle size is calculated as the average value of three successive measurements. The results represented below indicate that the ethanolic solution of Au/ZrO 2 contains gold nanoparticles with a mean diameter of 4.9 nm. The distribution is comprised between 2 nm and 8 nm with a maximum centered on 4.9 nm (Figure 2(a) ). The solution is considered to be monodisperse in size since the peak is narrow. The same analyses have been conducted on a diluted aqueous solution of PS beads. The sample is monodisperse in size with a mean diameter of the bead equal to 26.1 nm (Figure 2(b) ).
Polystyrene beads used as templates present the advantages of being tunable in size [46] (from 20 nm [43] to 400 nm [47] ) and easily removable by soaking in toluene. They allow choosing the size of the pores created in our material according to the considered application while preserving their internal structure. The withdrawal speed chosen allows the formation of an assembly of polystyrene beads on the surface of the gold-coated sample. It is indeed observable on the inset of Figure 5 (a) as the porous network is wellorganized within the final material.
TEM Analysis. High Resolution Transmission Electron
Microscopy (HRTEM) was carried out using a TOPCON EM002B TEM, operating at 200 kV. The TEM analysis performed on a diluted sample of Au/ZrO 2 confirms the size of the gold nanoparticles contained in the ethanolic solution (Figure 3) . It shows as well that spherical gold nanoparticles are indeed embedded in a zirconia matrix (light-grey in the picture).
Formation Mechanism of the Gold Film by Electroless
Plating. The deposition of the Au/ZrO 2 seed layer by dipcoating technique allows us to control the thickness and the mechanical properties of the film. The withdrawal speed and the drying process are the main parameters to control in order to do this. The withdrawal speed chosen (100 mm⋅min −1 ) allowed us to obtain the appropriate thickness of the film (300 nm). The film is uniformly deposited and continuous. The drying process (2 hours in air at RT) avoids the presence of cracks in the film and the delamination of the film. Gold nanoparticles are immobilized onto the silicon substrate thanks to the creation of strong Si-O-Zr bridges between the hydroxylated silica surface and the ZrO 2 matrix embedding these nanoparticles [42] . The H 2 O 2 introduced during the electroless plating process acts as a reducing agent. It reduces the Au 3+ from the ionic gold precursor (HAuCl 4 ) into Au 0 (reaction (3)) as explained in previous work [40] :
Gold atoms (Au 0 ) reduced by the H 2 O 2 in the gold plating bath contribute to the growth of the gold nanoparticles immobilized onto the substrate. These nanoparticles act as nucleation sites. Particles growth is followed by their coalescence to form a continuous metallic gold film. The nucleation/growth/coalescence process is visually noticeable as it induces a change of colour on the gold film [48] . The reaction kinetics has been optimized in order to obtain continuous gold films. The key parameters are the gold precursor concentration and the HAuCl 4 / H 2 O 2 ratio. The thickness of the gold film mostly depends on the reaction time [49, 50] . We have set this parameter to 2 min, in order to obtain continuous conductive metallic films of controlled thickness (20 nm) between each PS assembly layers. Similar results have been obtained elsewhere [40] . In this work, Hu et al. employed a multistep process to ensure adherence of gold nanoparticles to the substrate. Their process consisted in functionalizing the glass surface with organic linkers (APTMS), followed by the use of citrate-stabilized gold nanoparticles as nucleation sites. The functionalizing step lasted 16 hours under inert atmosphere, followed by the immersion during 6 hours in the gold-citrate solution. The alternative process we are presenting is a time-efficient onestep method based on a sol-gel process.
XRD Characterization.
The Au/ZrO 2 seed layer was analyzed by Grazing Incidence X-Ray Diffraction (GIXRD) (Figure 4(a) ). The diagrams were recorded with a Bruker AXS D8 diffractometer using a Cu K radiation source (40 kV and 40 mA) and equipped with a Lynxeye XE 1D detector. Experiments were carried out between 2 = 25 ∘ and 50 ∘ . The angle of incidence was fixed at 2 ∘ . The presence of a large peak on the diagram between 2 = 24 ∘ and 33 ∘ is characteristic of the amorphous phase of the zirconia. This observation is consistent with the fact that ZrO 2 presents a crystal structure only at high temperature [51] and remains amorphous at RT. The low-intensity peak situated at 2 = 38.65 ∘ could be attributed to the cubic gold crystal structure. In order to confirm the presence of gold nanoparticles embedded in the ZrO 2 matrix, the film was treated at 1200 ∘ C under air (Figure 4(b) ∘ according to the ICDD card reference 00-037-1484. The presence of gold particles is also evidenced by the diffraction peaks at 2 = 38. is no preferential orientation during the formation of the gold film onto the silicon substrate. No additional crystal phase is observed.
SEM Analysis. Scanning Electron Microscopy (SEM)
analyses were carried out using a Zeiss Ultra 55. Images of the porous gold films at different steps of the deposition process are shown in Figure 5 . The different layers deposited during the process can be seen in Figure 5 (a). The lower 200 nm thick layer corresponds to the thermally oxidized silicon (SiO 2 therm. ), coated with the 300 nm thick seed layer (Au/ZrO 2 ) on top of which we find the PGF. This porous film is composed of two layers of PS beads assemblies coated with 20 nm thick gold thin films. The inset of Figure 5 (a) (zoom on the porous film) shows the porosity created within the film. The hole size fits the diameter of the PS beads obtained by DLS measurements. The deposition of ten successive PS beads assemblies/gold thin film is represented in the inset of Figure 5 (b). No change in the structure of the overall film was noticed. The pore size and the gold thin film thicknesses stayed unchanged during all the process. At this point, the porous gold film reaches a thickness of about 1.2 m, while presenting no delamination. In order to increase the thickness of the porous gold film, the deposition of 10 additional Au/PS layers was experimented. The first 10 Au/PS layers are uniformly deposited. However, the deposition of the last 10 Au/PS layers revealed the presence of large (about 3.6 m thick) blocks of stacked alternative Au/PS layers ( Figure 5(b) ). This behaviour may be related to internal mechanical stress within the material. Experimentally, we observed that the 10 upper layers are thicker and thicker as we carry on with the PS beads deposition/electroless plating steps. We can deduce from these observations that we have reached a limit in the PGF growth by electroless deposition after 10 successive Au/PS layers. The same result was obtained after each experiment conducted, showing the reproducibility of the structure beyond the critical point. A SEM picture of the PS beads assembly is presented in Figure 5 (c). We can notice that the PS beads are uniformly deposited on the goldcoated substrate. Figure 5(d) shows the surface state of the 10-layered film and a zoom on this surface state in the inset. The final layer is homogeneous, continuous, and crackless and contains low porosity. The gold layers between porous layers are connected altogether and are about 20 nm thick. Such a thickness allows the film to be continuous and conductive. All the pores of the material are considered to be interconnected since there are no remaining PS beads after toluene treatment, even the ones situated close to the substrate. 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 0.8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 . 8 8 8 8 8 8 8 8 8 8 8 8 which is low. This result shows that the distribution of the PS beads is homogeneous. The morphology of the PS beads assembly studied by AFM confirmed the observations previously made by SEM ( Figure 5(c) ).
Krypton Adsorption-Desorption Isotherms.
The Brunauer-Emmett-Teller (BET) specific surface areas ( BET ) were determined from krypton adsorption-desorption at 77.35 K using a Bel Japan Belsorp Max Instrument. Prior to the experiments, the samples were outgassed at RT for several hours under secondary vacuum. The PGFs exhibit a BET of 4 m 2 ⋅g −1 , which is considered to be high for such a material [1, 37] . However, we were not able to determine an accurate pore size as the sample mass characterized was too low (3.3 mg compared to the few hundred milligrams commonly required).
Electrical Characterization.
The electrical conductivity of a 1 m thick porous gold thin film has been measured using a Jandel RM2 four-point probes system (Figure 7) . The probes exhibit a 1.0 mm spacing and a 125 m tip radius. The value of the conductivity has been assessed to be 2 ± 0. of porous gold films is in the range 1 × 10 5 -3 × 10 6 (Ω⋅m) −1 [1] . The decrease in the conductivity value is due to the presence of pores in the material and hence the presence of air, which is an insulating medium. As a comparison, the carbon exhibits an electrical conductivity of 6.1 × 10 4 (Ω⋅cm) −1 . 
Conclusion
The fabrication of porous gold films by an original "bottomup" approach through combined PS beads templating and gold electroless deposition methods has been achieved. All the techniques employed in the fabrication of the PGFs are totally wet-chemistry processes. The deposition of an original sol-gel-based Au/ZrO 2 adhesion/seed layer onto a silicon substrate has been presented in this paper. Dip-coating and drying parameters have been optimized in order to deposit a uniform, continuous, and crackless film. The ZrO 2 matrix anchors the Au nanoparticles to the substrate and prevents the delamination of the final material (PGF) up to a thickness of 1.2 m. Simultaneously, the gold nanoparticles embedded in the ZrO 2 matrix act as growth seeds for the following gold electroless deposition. An autoassembly of PS beads (template) has been deposited onto the Au/ZrO 2 film by dip-coating technique. Gold electroless deposition kinetics parameters have been optimized in order to obtain continuous conductive gold thin films of controlled thickness between PS layers. The process described is conducted several times and the PS layers are removed by dissolution. SEM pictures showed a three-dimensional network of interconnected and size-tailored 20 nm wide pores separated by 20 nm thick continuous gold layers. Krypton adsorptiondesorption isotherms demonstrated a specific surface area ( BET ) of about 4 m 2 ⋅g −1 . The fabrication process described in this paper allows the deposition of a material exhibiting at the same time a good conductivity value (2 × 10 6 (Ω⋅cm) −1 ) and well-defined 20 nm wide pores. Such material is a promising candidate for electric double-layer capacitor electrodes or bio-/chemical sensors, for instance.
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